Introduction
Due to their high specific modulus, aluminium alloys are widely used in the aeronautical domain [1). The addition of specific alloying elements increases the mechanical propa-ties of aluminium, but has a detrimental effect on its corrosion resistance [2,3). As a consequence, for most of their applications, aluminium alloys cannot be used without surface treatment. Hexavalent chromium conversion coatings are Jar gely used to prevent corrosion of aluminium alloys. However, in 2013, the European Regulation REACh adopted a ban on the use of ercvn [ 4).
For the aeronautical field, this restriction will become effective in 2024 so that a lot of research studies are focused on the development of Cr (VI) free coatings, for example the trivalent chromium process (TCP) that is already commercially available [5 14) . The anticorrosive properties of TCP coatings have already been studied extensively and the results showed that this new type of conversion coating is pro mising; the optimisation of their performance is still possible and should make the TCP prooess a very powerful solution [8,9,11 20) . For this purpose, a better insight on the nucleation and growth mechanisms of TCP coatings should be helpful [12,21 23) . Different scenarios and hypotheses are proposed in the literature. Unlike chromate coatings, for which a redox reaction based formation mechanism is proposed, TCP coatings are formed via a pH assisted precipitation [8, 22, 23) . lt is as sumed that, in a first step, the native aluminium oxide thickness
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decreases and metallic aluminium can be oxidised. This reaction con sumes protons and leads to a pH rise near the surface so that chromium and zirconium hydroxides precipitate at the surface. The reaction rate decreases as the surface becomes fully covered by the coating. This general process is generally admitted and supported by several stud ies. Dardona et al. [22) studied the growth of a TCP coating on pure alu minium by in situ spectroscopie ellipsometry. They proposed a three step mechanism: (i) an induction pa-iod with no growth of the coating and dissolution of the native oxide by F-ions; (il) rapid growth of the coating with a thickness vs. time linear law; (ili) low i.e. a logarithmic law, or no growth of the coating. Similar mechanisms were reported by Qi et al. [13) based on the open circuit potential (OCP) variation of pure aluminium when immersed in the TCP solution. However, the studies do not detail the origin of the duplex layer microstructure of the coating. Li et al. [7) suggested that, once the native oxide layer was dissolved, the aluminium was oxidised by fluoride ions and formed an inner layer of fluoroaluminates. Chromium and zirconium hydroxides precipitated at the surface of the fluoroal uminates to form the outer layer. They also suggested that intermetallic particles catalysed the pH increase by reducing the incubation pa-iod before the TCP coating growth. Qi et al. [12) measurements supported this last hypothesis. Indeed, using energy dispersive spectroscopy (EDS) analyses, the au thors detected zirconium after only 15 s of exposure to the TCP solution near a S phase particle and after 120s on the aluminium matrix.
prepared with SEM FIB under the conditions described above.
GD OES analyses were performed with a HORIBA Jobin Yvon GD Profiler 2 at the platform of micro characterisation Raimond Castaing (Toulouse, France). A copper anode of 4 mm diameter was used with an argon pressure of 630 Pa, a power of 30 W and radiofrequency of 13.56 MHz. A flush time of 120 s was operated before sampling. Samples were covered by a gold sputtered layer in order to prevent instability of the plasma initiation. The acquisition interval was set to 0.01 s. The emission lines used were: H 121.567 nm, O 130.217 nm, C 165.701 nm, Cu 324.754 nm, Zr 339.198 nm, Al 396.152 nm, Cr 425.433 nm and Au 242.795 nm. GD OES profiling was used to de termine in depth variations of the element concentration for the TCP coatings formed for different conversion times.
XPS profiles were performed with a ThermoFisher K alpha spec trometer at Aquitaine Platform of Material Characterisation (PLACA MAT, Bordeaux France). Base pressure was fixed to 10 −9 mbar. Al Kα monochromated radiation (1486.6 eV) was used as X ray source. Measured spot diameter was fixed to 200 μm. Sputtering was performed with a Ionic Ar canon (500 eV) and a spot diameter of 500 μm. These conditions give a sputtering of 0.3 nm.s −1 on SiO 2 .
Electrochemical measurements
OCP measurements were performed in the TCP solution with a VSP 150 potentiostat (Bio Logic). A two electrode cell set up composed by a saturated calomel electrode (SCE) as reference electrode and the alu minium alloy substrate as working electrode was used.
Local pH measurements were performed during the TCP coating growth in the TCP solution by recording the electrical potential of a tungsten microelectrode (W microelectrode). The W microelectrode was prepared as described in Guo [24] and Li [23] previous works. A pH potential calibration curve was plotted in TCP solution allowing to correlate the potential of the W microelectrode to the pH around it. The W microelectrode potential was measured with a VSP 150 potentiostat (Bio Logic); before each measurement, it was allowed to stabilise during 5 min in a TCP solution placed in a beaker. For the local pH measurements, the W microelectrode was positioned by using an in termittent contact scanning electrochemical microscope IC SECM M470 (Bio Logic). The distance between the alloy surface and the W micro electrode was estimated around 100 μm. When the W microelectrode and the degreased and desmutted sample were well positioned in the IC SECM set up, the TCP solution was added and the potential mea surement started. The pH measurement was performed in a TCP solu tion at room temperature (22 ± 1°C).
Electrochemical Impedance Spectroscopy (EIS) measurements were performed in naturally aerated 0.5 M NaCl solution with a three elec trode cell (SCE reference electrode and graphitic rod as counter elec trode). Before each measurement, OCP was recorded for 1 h. Measurements were performed at OCP for different immersion times in the NaCl solution: 1 h, 3, 7, 14 days. For more clarity, only the results at 1 h and 14 days are shown in the paper. Frequency range was set to 6 10 4 to 5 10 −3 Hz with a potential amplitude of 10 mV (rms). Z view software (version 3.5d, Scribner Associates) was used to fit the ex perimental data. All electrochemical measurements were performed in a laboratory room with controlled (22 ± 1°C) temperature and repeated at least three times for reproducibility.
Results and discussion

Surface reactivity in the TCP solution
Variation of the OCP in TCP solution for the degreased and des mutted alloy is reported in Fig. 1 . The shape of the curve was similar to the OCP described in the literature [13, 25 27 ]. An initial potential decrease was measured before a fast OCP increase followed by a To the authors' knowledge, there is no direct evidence of this three step mechanism. Therefore, to go further in the description of the TCP coating nucleation and growth mechanisms, the present work focusses on the evolution of the coating morphology and chemistry after dif ferent immersion times in the TCP solution, considering in particular very short immersion times to detect the very first stages of nucleation and growth. Scanning electron microscope (SEM) and transmission electron microscope (TEM) observations, X ray photoelectron spectro scopy (XPS) and Glow Discharge Optical Emission Spectroscopy (GD OES) analyses were performed to identify and characterise the TCP coatings formed after different immersion times. Then, electrochemical impedance spectroscopy (EIS) measurements were performed in order to evaluate the evolution of the corrosion properties of the samples in relation with the coating morphology. plane. Before the surface treatments, the sample surface was abraded using SiC papers down to P grade 2400 and then polished to a 1 μm diamond paste, in order to have a controlled surface. Then, the TCP coating was formed on the sample surface using a multi step process. Firstly, in order to remove inks and other surface pollutants, samples were rinsed with acetone prior to surface preparation, as done during the industrial process. Then, they were degreased in an alkaline bath (40 g·L −1 sodium tripolyphosphate, 40 g·L −1 borax and 5 mL·L −1 Turco 4215 additive, pH = 9) at 60 °C for 1200s. The next step corresponded to an immersion in a desmutting bath, i.e. a pH = 1 sulfo nitro ferric solution, at room temperature for 300 s in order to remove coarse in termetallic particles and native oxide. The TCP coating was then formed by immersion of the sample in a 32% v/v Socosurf TCS (Socomore, France) solution at 40 °C for various duration times from 1 s to 600 s. The pH of the solution was set at 3.9 ± 0.1 with a sulfuric acid solu tion. Finally, the samples were dried with dried air stream. For each step, the solutions were prepared using industrial grade chemical re actants, and the samples were rinsed in deionised water following each step.
Materials and methods
Material and sample preparation
Morphological and chemical characterisations
The surface morphology of the TCP coatings was characterised by using a SEM equipped with a field emission gun (SEM FEG), JEOL JSM 7800 F Prime, operating at 5 kV in secondary electrons mode (platform of micro characterisation Raimond Castaing, Toulouse, France). The coating thickness was measured on cross sections prepared with a SEM focused ion beam (SEM FIB) FEI HELIOS 600i equipped with a gallium Ionic Canon (platform of Micro characterisation Raimond Castaing, Toulouse, France). Gallium canon operated at 30 kV and 47 nA to 80 pA during cutting. Before cutting, samples were covered by an electro nically deposited carbon layer (0.5 μm in thickness, operating at 5 kV and 2.5 nA, precursor: naphthalene (C 10 H 8 )) and a 3 μm thick ionically deposited platinum layer (operating at 30 kV and 0.43 nA, precursor: methylcyclopentadieny(trimethyl)platinum (C 5 H 4 CH 3 Pt(CH 3 ) 3 )). Because the contrast between TCP coating and carbon layer was low, a gold coating was sputtered by physical vapour deposition on top of the conversion coating to increase the contrast.
TEM observations combined with EDS analyses were performed with a JEOL JEM 2100 F (platform of micro characterisation Raimond Castaing, Toulouse, France) operating at 200 kV. TEM samples were plateau. Such changes in OCP were attributed to changes in reactivity of the alloy surface. Indeed, in the literature, the OCP decrease was as sociated to the dissolution of the air formed oxide on the alloy surface and the OCP increase to a rapid growth of the conversion layer. The OCP plateau was correlated to a complete coverage of the alloy by the TCP coating. Andreatta et al. [25] suggested that further immersion in the conversion bath could lead to an increase of the thickness layer without OCP variation.
To go further in the explanation of the OCP curve and description of the nucleation and growth mechanisms of the TCP coating, the coating morphology, composition and anticorrosion properties were studied throughout the conversion coating formation. Cross marks plotted in Fig. 1 indicate the samples that were further studied: samples immersed in the TCP solution for different duration times, i.e. between 1 600 s, were studied.
Local pH variations during TCP coating growth
Local pH variations measured near the AA 2024 surface during the conversion treatment in the TCP solution are plotted in Fig. 2 ; the OCP variation is also reported for comparison. Immediately after immersion, a rapid increase of the pH was observed, from 3.86 to a maximum value of 4.5 reached after 30 s. Then, the pH decreased slowly to reach a value of 3.9 after 300 s in the TCP solution; it remained relatively stable around 3.9 4 during the following 300 s.
As discussed in the literature, the TCP coating growth is based on the precipitation of oxy hydroxide due to the pH increase [22, 23] .
Comparison of the OCP and pH curves showed that the minimum OCP and maximum pH values were not reached exactly at the same time. However, the position in time of the maximum pH was not very accu rate due to the fact that the W microelectrode was relatively far from the sample surface (around 100 μm). Therefore, it was assumed that, as indicated in the literature, the TCP coating growth was controlled by the pH. Moreover, after 300 s, the pH near the surface was similar to the bulk solution. Such a decrease of the pH gradient indicated a slowdown or a stop of the coating growth, as reported in the literature [22, 28] .
3.3. Evolution of the TCP coating morphology and thickness during the conversion treatment 3.3.1. Surface morphology of the TCP coating SEM FEG micrographs of the sample surface before immersion in the TCP solution and for different immersion times in the TCP solution are reported in Fig. 3 . Firstly, after surface preparation, i.e. after de greasing and desmutting, alloy surface exhibited a typical scalloped morphology (Fig. 3a) [29] . Results also showed that the scalloped morphology of the as prepared substrate was maintained in the first period of the coating formation, i.e. after only 1 s of immersion in the TCP solution, but small nodules were observed on the ridges of the scallops (Fig. 3b) . The nodules were assumed to correspond to the first evidence of the coating growth. After 3 s of immersion in the TCP so lution (Fig. 3c ), the alloy surface was fully covered by the nodules but pores were observed. After 13 s (Fig. 3d ), i.e. when the minimum OCP value was reached ( Fig. 1 ), pores were not detected any more. Then, the coating surface morphology remained similar during the rest of the chemical conversion treatment (Fig. 3e to h ) which was coherent with the literature [7, 8, 30] . However, observations showed that the nodule size was increasing as a function of the exposure time to the conversion solution. In Fig. 4 , average values of the nodule size are given for the different exposure times; they result from at least 30 measurements performed on 10 different zones of the sample, with 3 measurements per zone. This method was used to evaluate whether an influence of the grain orientation of the substrate on the nodule size could be detected but this was not shown. Fig. 4 shows that the nodule diameter was around 30 nm from 1 to 45 s of immersion in the TCP solution. Therefore, during the first 45 s, no significant growth of the nodules was observed, but, during the OCP plateau ( Fig. 1) , the nodule diameter increased and reached 70 nm for 300 s of exposure which could indicate a modification of the growth mechanism. For a 600 s immersion, the nodule diameter could not be measured accurately.
Thickness of the TCP coating
SEM FEG micrographs of FIB cross sections prepared for the TCP coatings formed after different immersion times in the TCP solution are shown in Fig. 5 . After only 1 s of exposure to the TCP solution, it was difficult to observe the TCP coating because it corresponded only to small nodules on the ridges of the scallops (Fig. 3b) , but the TCP coating was clearly observed for immersion times as short as 3 s. Moreover, independent on the immersion times (equal and/or higher than 3 s), the coating thickness was enough to lead to an apparent complete covering of the substrate roughness (which did not mean that pores were not observed). Fig. 4 showed that the coating thickness strongly increased at the beginning of the TCP treatment (12 nm after 3 s, 42 nm after 45 s) and went on increasing even during the OCP plateau (Fig. 1) to reach 85 nm after 300 s of exposure to the TCP solution. Results also showed surprisingly that the TCP coating was less thick after 600 s of exposure to the TCP solution than after 300 s. Considering that the TCP coating thickness was calculated on the basis of ten measurements performed for three different samples in each case, it was assumed that the thin ning of the TCP coating for long immersion times in the TCP solution had to be considered. Moreover, after 600 s of exposure to the TCP solution, the TCP coating was about 60 nm thick, which was in ac cordance with the 50 100 nm thicknesses reported in the literature [7,8,13,31 33] . A TEM micrograph of the TCP coating formed on AA 2024 T3 after a 3 s immersion in the TCP solution is reported in Fig. 6 including cor responding EDS mapping scans. In Fig. 6 , the different zones have been labelled, especially the platinum deposit; indeed, when platinum is present in very large content, its signal distorts that of zirconium as seen for the zirconium map at the bottom of the map. TEM micrograph seemed to show a single layer coating, unlike usual TCP coatings de scribed in the literature and characterised by a duplex structure [8] . The coating showed a non homogeneous thickness, between 8 and 15 nm, which was not inconsistent with previous SEM measurements, especially by considering that TEM observations were very local whereas the thickness measured by SEM was calculated on the basis of ten measurements done on different sites. EDS mapping scans showed that the chromium, zirconium and fluorine maps could be superimposed which might confirm the single layer structure of the coating formed after 3 s of exposure to the TCP solution. Therefore, all the results suggested that the coating formed after very short immersion times in the TCP solution should have to be considered as a TCP pre cursor coating. Nevertheless, it remains possible that the TEM/EDS mapping resolution equal to a few nanometres does not allow to detect a more complex microstructure, and perhaps a two layer structure of the TCP coating formed for short exposure was missed. Furthermore, local variation in the thickness of TEM sample could disrupt nano scale microscopy observations.
Chemical composition profiles
GD OES elemental depth profiles plotted for AA 2024 samples im mersed in the TCP solution for different immersion times are shown in Fig. 7 . No result was obtained for fluorine because GD OES analyses were performed under an argon pressure which does not allow to detect this element [33] . Copper signal was used to localise the position of the TCP coating/AA 2024 interface on the basis of the copper enrichment generated by surface preparation treatment as shown in previous work [34] ; this interface is indicated by the vertical dash lines in Fig. 7 . It is of interest to note that the intensity of the copper peak linked to copper enrichment at the alloy surface was similar independently of the immersion time in the TCP solution and was similar also to that ob served for the desmutted substrate (not shown here). This suggested a low influence of the TCP conversion on the copper enriched layer. Results showed that the TCP coating/alloy interface was reached after 0.4, 0.72, 1.06, 1.17, 1.9, 2.18 s of GD OES sputtering for samples ex posed to the TCP solution for 3, 13, 15, 45, 300 and 600 s, respectively, which could be related to an increase of the TCP coating thickness when the immersion time in the TCP solution increased. Moreover, for a 3 s immersion in the TCP solution (Fig. 7a) , only fine peaks of chromium and zirconium were observed in agreement with the presence on the sample surface of a fine TCP coating that was supposed to be a single layer coating on the basis of TEM observations (Fig. 6) . Considering the GD OES sputtering area (around 4 mm), the small thickness and the nodular structure of the coating, associated with strong roughness, for this short duration time of exposure to the TCP conversion solution, it was difficult to conclude on the coating structure, i.e. single layer or two layer coating. On the contrary, when the immersion time in the TCP solution increased (Fig. 7b f) , the width of the chromium and zirconium signals increased and two layers were distinguishable in the TCP coating for immersion times in the TCP solution longer than 13 s: an outer layer mainly composed of chromium and zirconium and an inner layer containing mainly aluminium. The literature also men tioned a two layer structure with oxide and hydroxide of chromium and zirconium in the upper part (i.e., outer layer) and fluoroaluminates in the inner one (i.e., inner layer) [8, 13] . Further, except for a 600 s long TCP treatment, concerning the outer layer, the results also showed that the chromium signal had a relatively constant intensity whereas the intensity of the zirconium signal increased with sputtering time which could indicate differential precipitation kinetics of those elements during the conversion treatment. After 600 s of immersion in the TCP solution, the intensity of the zirconium signal was more stable during sputtering which suggested that different mechanisms could occur be tween 300 and 600 s of immersion in the TCP solution. The evolution of the growth mechanisms could lead to a modification of the TCP coating structure, e.g. its compacity; those changes could be associated to dif ferent sputtering rates of the coating as suggested by Qi et al. [13] . These observations could explain why, with GD OES measurements, the TCP coating thickness seemed to increase even between 300 and 600 s, whereas SEM FEG observations (Fig. 5) showed a thinning of the TCP coating after 300 s of immersion in the TCP solution.
Because GD OES measurements are sensitive to the differential sputtering capabilities of the elements and do not allow to detect fluorine in the experimental conditions used (argon gas), XPS con centration profiles were plotted to complete the study (Fig. 8) . Due to the carbon surface pollution (> 40% at ), the first measuring point was not considered (grey zone in Fig. 8 ). After 3 s of immersion in the TCP solution (Fig. 8a) , low concentrations of chromium and zirconium were detected (0.5 and 3% at. respectively) on the sample surface. A low content of fluorine was also measured around 2% at . This corroborated the previous results (TEM EDS mapping and GD OES analyses) that showed the presence of the TCP coating even after only a 3 s exposure to the TCP solution. After 13 s of immersion in the TCP solution (Fig. 8b) , chromium, zirconium and fluorine concentrations increased on the sample surface; moreover, the maximum signals for the three elements were observed after similar sputtering times; this suggested a single layer structure for the coating, in agreement with the hypothesis proposed above. Moreover, the analysis of the XPS profiles for longer exposure to the TCP solution confirmed the validity of this hypothesis. Indeed, after 15 s (Fig. 8c) , chromium and zirconium surface con centrations went on increasing. For the fluorine, the global concentra tion increased also but the concentration profiles clearly showed that the maximum fluorine concentration was observed inside the coating whereas the chromium and zirconium signals were maximal in the extreme surface. Further, after 45 s (Fig. 8d) , chromium and zirconium surface concentrations reached values equal to 3% at and 22% at , re spectively, i.e. similar values to those reported in the literature for TCP coatings [7, 35] . For this immersion time in the TCP solution, the maximum chromium and zirconium concentrations were still measured at the extreme surface with concentrations decreasing inside the coating. By comparison to Fig. 8c , the maximum signal for the fluorine was even more shifted inside the coating. Therefore, the results showed that, for immersion times in the TCP solution equal to or higher than 15 s, a duplex structure was observed for the TCP coating and the chromium and zirconium rich outer layer was clearly defined. After 300 s of exposure to the TCP solution (Fig. 8e) and for a complete treatment (600 s, Fig. 8f ), a plateau was observed for both chromium and zirconium signals during the first 100 150 s of sputtering. The concentrations on the plateau were equal to 4.5 and 23% at for chro mium and zirconium, respectively, similar to those measured at the extreme surface after 45 s of exposure to the TCP solution. Near the TCP coating/substrate interface, chromium and zirconium concentrations decreased significantly whereas the fluorine signal was maximum showing clearly the presence of the fluorine rich inner layer. Results also showed that the fluorine concentration in the inner layer increased as the immersion time increased between 300 and 600 s. This result indicated the permeability of the outer layer to the fluorine rich elec trolyte as observed by EIS in previous work [29] .
To sum up, the results showed that, for very short immersion times in the TCP solution, only a TCP precursor layer could be observed. Indeed, TEM images associated with EDS mapping had suggested a single layer structure for short exposure to the TCP solution, which did not correspond to the two layer structure commonly observed for TCP coating. But, the possibility that this two layer structure had been missed could not be neglected. Then, the sample roughness associated to the low lateral resolution of GD OES and XPS could lead to some uncertainty on the conclusions. However, the methodology used for XPS analyses (with an accurate study of the evolution of the con centration profiles with increasing exposure to the TCP solution) led us to assume that, for short immersion time, the superimposition of the maximum signals for chromium, zirconium and fluorine was not an artefact and showed that the TCP coating had a single layer structure whereas it evolved towards a two layer structure during its growth leading to a gradual shift of the maximum signal of fluorine compared to chromium and zirconium signals. Indeed, when the immersion time increased, a duplex structure was observed progressively: the pre cipitation of chromium and zirconium oxide occurred leading to the formation of an outer layer permeable to fluoride ions, which thus al lowed the formation of the fluorine rich inner layer. Moreover, a sig nificant enlargement of the chromium and zirconium plateaus was observed between 300 and 600 s of exposure to the TCP solution sug gesting a thickening of the TCP coating as observed with GD OES analyses (Fig. 7) . This observation was inconsistent with the FIB mea surements (Fig. 5) which indicated a thickness decrease between 300 and 600 s of exposure to the TCP solution. However, as previously in dicated, GD OES analyses suggested that chemical and/or morpholo gical changes of the TCP coating could explain significant variations in sputtering rate. As an example, a densification of the outer layer could generate significant sputtering rate variations.
Evolution of the anticorrosive properties of the TCP coating as a function of the immersion time in the TCP solution
EIS spectra of TCP coatings formed on AA 2024 T3 for different immersion times in the TCP solution are plotted in Fig. 9 . After 1 h of exposure to the 0.5 M NaCl solution, all the coated samples exhibited higher impedance modulus at 10 −2 Hz than the degreased and des mutted sample. Moreover, the EIS spectra for the degreased desmutted sample showed two well defined time constants, the one at 10 −1 Hz being related to the oxygen diffusion on the sample surface. For the 3 s coated sample, the two time constants were not clearly seen but a shoulder on the phase was noticeable. For all others samples, only one time constant, with high phase angles on a large frequency domain, was distinguished. As shown in a previous paper [29] , high impedance modulus and a large frequency range of high phase angles could be related to improved anticorrosion properties for the TCP coating [11, 13, 29, 36] . After 14 days of immersion in NaCl, an enlargement of the frequency domain were high phase angles were observed and an increase by one or two orders of magnitude of the impedance modulus at 10 −2 Hz were noticeable for all samples except for the degreased desmutted and 3 s TCP coated samples that showed similar EIS spectra. The 600 s TCP coated sample showed the largest frequency domain with high phase angles which suggested that this coating had the highest anticorrosive properties after 14 days of immersion in NaCl. On the basis of these results, the EIS spectra plotted for the degreased desmutted (1 h and 14 days) and 3 s TCP coated (14 days) samples were analysed with the same equivalent circuit (Fig. 10a) . It comprised a parallel combination of the charge transfer resistance R ct and a constant phase element Q dl associated with another combination including the resistance linked to the oxygen reduction R difO2 and a constant phase element Q difO2 . In accordance with Qi et al. [13] and previous work [29] , another equivalent circuit was used (Fig. 10b) to analyse the EIS spectra plotted for the other coated samples after 1 h and 14 days in NaCl solution (and for the 3 s coated sample after 1 h in 0.5 M NaCl). For this circuit, the second parallel combination was replaced by a coating resistance R coat and a constant phase element Q coat . EIS para meters extracted from spectra plotted after 1 h and 14 days of immer sion in NaCl are reported in Tables 1 and 2 , respectively. At the beginning of the immersion in NaCl solution (1 h immersion), R coat values were similar for all TCP coated samples, even for the short exposure duration time to the TCP solution (3 s). For all samples, R coat values were in the same order of magnitude than the electrolyte re sistance (R e ) which indicated a permeability of the coating allowing access of the electrolyte to the alloy as shown by Dong et al. [21] . Further, for all TCP coated samples, R ct values increased by one order of magnitude by comparison to the degreased desmutted sample which demonstrated a significant improvement of the corrosion behaviour of the TCP coated samples even for short duration times in the TCP so lutions. Concerning the CPE coating parameters, low α coat and high Q coat are associated to strong heterogeneity of the conversion coating [13, 15, 34] . The results showed no significant differences of those parameters as a function of the immersion time in the TCP solution which indicated a good homogeneity of all the TCP coatings. The result was consistent with the SEM micrographs (Fig. 3) for the samples ex posed to the TCP solution for duration times equal or higher than 13 s, i.e. after a full surface covering. It was more surprising for the 3 s coated sample for which numerous pores were observed on the surface of the coated sample (Fig. 3c) . Besides, the evolution of the EIS spectrum after 14 days of immersion in NaCl solution for this sample was quite con sistent with the SEM (Fig. 3c) and TEM (Fig. 6 ) observations. Indeed, after a long time of exposure to the NaCl solution, the 3 s coated sample behave similarly to the degreased desmutted sample and similar R ct values were measured for both samples, which corresponded to a de crease of this parameter for the 3 s coated sample when the immersion time in the NaCl solution increased. This could be explained as a de crease of the corrosion resistance for the 3 s TCP coated sample that could be related to the porous surface morphology observed in Fig. 3c . The pores represented preferential ways towards the aluminium surface for chloride ions and oxygen and led to a similar corrosion behaviour as for the degreased desmutted sample. More globally, the results could led us to assume that the single layer structure of the 3 s TCP coating, considered as a precursor of the TCP coating, was not an optimised structure for anticorrosion properties. On the contrary, the other sam ples showed a significant increase in R ct values between 1 h and 14 days of immersion in NaCl solution whereas R coat , Q coat and α coat values remained similar. As shown in previous paper [29] , the results showed that the anticorrosive properties of the TCP coating were mainly related to the inner layer; moreover, the improvement of the anticorrosion properties of those TCP coatings when the immersion time in NaCl increased could be explained by a self healing mechanism linked to the hydration of the TCP coating [29] . Nevertheless, the main result was that substantial anticorrosive properties were associated to a duplex structure of the TCP coating.
Finally, EIS measurements showed that the TCP coatings exhibited anticorrosive properties even for short immersion times in the TCP solution but the stability of the TCP coating in aggressive solution was only obtained for long conversion durations, when the TCP coating showed a duplex structure. However, the effect of the conversion duration on anticorrosive properties for exposure to the TCP solution longer than 13 s, was not clearly detected with the EIS experiments performed here, even though the anticorrosive properties of the 600 s coated samples seemed to be the highest.
Nucleation and growth mechanism
From the results presented above, a nucleation and growth me chanism for TCP coating can be proposed. Three steps, each one being associated to one of the three zones distinguished on the OCP curves plotted during the TCP treatment, can be defined: the first step is re lated to the initial potential decrease, the second one to the rapid po tential increase and the third corresponds to the processes occurring when the OCP is stabilised at the end of the TCP treatment.
3.6.1.
Step 1: Initial potential decrease (0 13 s)
After surface preparation, the alloy surface is characterised by a scalloped surface with ridges composed of copper and other non dis solved impurities and troughs [29, 37, 38] . During step 1, the native oxide dissolves due to the activation of substrate surface by the fluoride ions (Eq. 1) in agreement with the mechanism proposed in the literature [7,22,39 41] . The role of fluorine is to undermine the air formed film to provide the appreciable electron tunnelling for the solution/alumi nium reactions. Therefore, competition between aluminium dissolution and precipitation reactions takes place as described by the following equations (Eqs. 1, 2 and 3) leading, in particular, to the formation of fluoroaluminates (Eqs. 1 and 3):
As a consequence, a pH gradient takes place near the alloy surface, as described in the literature and measured here by using a local pH probe (Fig. 2) . The local pH increase, due to protons consumption, al lows the precipitation of zirconium and chromium oxides and hydro xides, in agreement with the large amount of oxygen measured with the different techniques used (Eqs. 4 and 5]:
(4) Fig. 10 . Equivalent circuit used to fit the EIS spectra plotted for (a) degreased-desmutted and 3 s TCP (14 days) coated samples, (b) all other TCP coated samples.
Table 1
Parameters extracted from EIS spectra by using equivalent circuits shown in Fig. 10 for TCP coated samples after different immersion times in the TCP solution. The EIS spectra were plotted after 1 h in 0.5 M NaCl. Results obtained for the degreased and desmutted sample (Deg-des.) are also given for comparison. 
All those reactions lead to the formation of small nodules, first on the ridges of the scalloped surface, that constitute preferential and re active sites on which reactions are promoted. When these sites are fully covered, the precipitation occurs on the whole sample surface. This first step ends with a complete surface covering by a precursor coating containing small quantities of fluorine, chromium and zirconium. At the end of this step, the precursor coating is formed; it corresponds to a single layer coating that exhibits anticorrosive properties as measured by EIS in NaCl solution (Fig. 9) , but a rapid degradation of the coated sample is observed when the exposure to the NaCl solution is extended. A schematic diagram of the first step is given in Fig. 11 .
Step 2: Rapid increase of the potential (15 s 45 s)
At the end of the first step, the native oxide is dissolved and the aluminium surface is almost completely covered by the precursor coating. Therefore, it can be assumed that the amount of aluminium ions near the sample surface decreases so that the formation of fluor oaluminates is not promoted on the surface. Because the dissolution of aluminium is slowed down, the pH gradient decreases but it still exists as shown by Fig. 2 . Therefore, chromium and zirconium oxide pre cipitation reactions go on and correspond then to the major reactions, leading to the enrichment in chromium and zirconium at the surface: these processes correspond to the outer layer nucleation (schematic diagram in Fig. 12 ). Because the intensity of the pH gradient has decreased, the growth kinetics of the coating is slowed down as shown in Fig. 4 . In parallel, the chemical composition of the precursor coating previously formed evolves gradually and this coating becomes enriched in fluorine due to the permeation of this element through the chromium and zirconium rich outer layer in formation. Therefore, the precursor coating gradually evolves and its composition tends to be similar to that of the inner layer commonly observed for TCP coating. At the end of this step, the sample surface is covered by a coating composed of two layers with improved anticorrosion properties. Between 15 and 45 s, due to the evolution of the TCP coating from a precursor to a two layer coating, a gradual increase of the anticorrosion properties of the coating was observed leading to a gradual increase in the OCP measured in the TCP solution.
Step 3: Stabilisation of the potential (after 45 s of immersion in the TCP solution)
The second step corresponds to the nucleation of the outer layer and the transition of the precursor coating to the inner layer. During the last step (Fig. 13) , the pH gradient goes on to decrease slowly to reach gradually the bulk solution pH so that the growing rate of the coating still decreases. However, the precipitation of chromium and zirconium goes on slowly leading to the growth of the outer layer. In parallel, the fluorine goes on diffusing through the outer layer leading to the growth of the inner layer. In agreement with literature [13, 29] , the EIS results showed that the TCP coating presented a permeability to an electrolyte through pores and defects. All these reactions are assumed to maintain Table 2 Parameters extracted from EIS spectra by using equivalent circuits shown in Fig. 10 for TCP coated samples after different immersion times in the TCP solution. The EIS spectra were plotted after 14 days in 0.5 M NaCl. Results obtained for the degreased and desmutted sample (Deg-des.) are also given for comparison. Fig . 11 . Schematic describing the formation of the TCP coating during the initial potential drop (Step 1).
a pH gradient at the sample surface, which is very low but sufficient to allow the TCP coating to go on growing. After 300 s, the coating thickness is found to decrease. The characterisations performed in this work are not sufficient to explain this evolution, but different hy potheses can however be proposed. The near surface pH being similar to the bulk pH after 300 s, it could lead to the dissolution of the coating; an unidentified densification mechanism of the coating could also occur. Nevertheless, at the end of step 3, the duplex TCP coating is formed and shows long lasting anticorrosive properties.
Conclusions
The main conclusions of this work are given in the following:
1) A precursor layer of TCP coating was formed immediately after immersion in the TCP solution. This precursor layer exhibited a single layer structure and was composed of chromium, zirconium, fluorine and aluminium. It was considered as a precursor coating of the final duplex structure. 2) For immersion times in the TCP solution longer than 13 s (minimum potential on the OCP curve), the coating exhibited the duplex structure commonly observed and composed by an aluminium and fluorine rich inner layer, and a zirconium and chromium rich outer layer. When the exposure to the TCP solution was extended, i.e. until 600 s, the chemical composition of both the outer and inner layers evolved. 3) The TCP coating exhibited anticorrosive properties (measured by EIS) even for immersion time in the TCP solution as short as 3 s which meant that even the precursor layer exhibited anticorrosive properties. However, during immersion in a NaCl solution, the de gradation of the precursor layer occurred rapidly whereas the TCP coating with the duplex structure showed significant anticorrosive properties even after 14 days of immersion in a NaCl solution. The best anticorrosive properties were obtained after 600 s of exposure to the TCP solution which showed that the chemical and structural changes that had occurred between 13 and 600 s were of major interest for the anticorrosive properties of the TCP coating. 4) A nucleation and growth mechanism of TCP coating was proposed on the basis of the electrochemical, chemical and morphological characterisations performed. It could be described as a three step process; the first step corresponded to the dissolution of the native oxide and the formation of the precursor layer, the second one to the nucleation of the outer layer combined with an enrichment in fluorine of the precursor layer to reach the composition commonly measured for the inner layer. Finally, the third step corresponded to the growth of both the outer and inner layers of the TCP coating.
The results therefore showed that, with the conditions applied for the TCP coating nucleation and growth, a duration time of 600 s was requested to obtain substantial anticorrosive properties. This corre sponded to a specific chemical composition and structure of the TCP coating. From an industrial point of view, it could be interesting to find a way to accelerate the chemical reactions leading to this optimised composition and structure of the TCP coating in order to reduce the process duration.
Data availability
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